Biosynthesis of ubiquinones requires the intramembrane UbiA enzyme, an archetypal member of a superfamily of prenyltransferases that generates lipophilic aromatic compounds. Mutations in eukaryotic superfamily members have been linked to cardiovascular degeneration and Parkinson's disease. To understand how quinones are produced within membranes, we report the crystal structures of an archaeal UbiA in its apo and substrate-bound states at 3.3 and 3.6 angstrom resolution, respectively. The structures reveal nine transmembrane helices and an extramembrane cap domain that surround a large central cavity containing the active site. To facilitate the catalysis inside membranes, UbiA has an unusual active site that opens laterally to the lipid bilayer. Our studies illuminate general mechanisms for substrate recognition and catalysis in the UbiA superfamily and rationalize disease-related mutations in humans.
Biosynthesis of ubiquinones requires the intramembrane UbiA enzyme, an archetypal member of a superfamily of prenyltransferases that generates lipophilic aromatic compounds. Mutations in eukaryotic superfamily members have been linked to cardiovascular degeneration and Parkinson's disease. To understand how quinones are produced within membranes, we report the crystal structures of an archaeal UbiA in its apo and substrate-bound states at 3.3 and 3.6 angstrom resolution, respectively. The structures reveal nine transmembrane helices and an extramembrane cap domain that surround a large central cavity containing the active site. To facilitate the catalysis inside membranes, UbiA has an unusual active site that opens laterally to the lipid bilayer. Our studies illuminate general mechanisms for substrate recognition and catalysis in the UbiA superfamily and rationalize disease-related mutations in humans.
T he UbiA superfamily of intramembrane prenyltranferases catalyzes a key step in the synthesis of ubiquinones, menaquinones, chlorophylls, hemes, and vitamin E, which are released into membranes to serve as electron and proton carriers for cellular respiration and photosynthesis and as antioxidants to reduce cell damage. The UbiA superfamily ( fig. S1 ) includes the UbiA and MenA enzymes in bacteria and archaea; chlorophyll synthases and homogentisate prenyltransferases in photosynthetic organisms;
and para-hydroxybenzoate polyprenyltransferase (COQ2) (1) and UBIAD1 (2) enzymes that play important physiological roles in eukaryotes (3) . COQ2 is involved in the biosynthesis of ubiquinones, which function as electron carriers for the mitochondria respiration. The UBIAD1 enzyme is involved in maintaining vascular homeostasis (4), preventing oxidative damage in cardiovascular tissues (5) , and sustaining mitochondrial function (6) .
Members in the UbiA superfamily share considerable sequence similarity ( fig. S2 ) and catalyze a common reaction of fusing a phytyl or isoprenyl chain to an aromatic ring. As the prototype of the superfamily, the UbiA enzyme catalyzes the condensation of isoprenylpyrophosphate (IPP) with the aromatic p-hydroxybenzoate (PHB). UbiA cleaves the pyrophosphate from the IPP substrate to generate a carbocation intermediate at the end of the isoprenyl chain, which reacts at the meta-position of the aromatic PHB substrate to form a C-C bond (Fig. 1A) . Although the prenylation of PHB is regiospecific, UbiA promiscuously recognizes IPPs of various chain lengths to generate the ubiquinones CoQ 6 to CoQ 10 in different species (7) (8) (9) . Short-chain substrates such as geranylpyrophosphate (GPP) can be used by UbiA in vitro (10, 11) . UbiA is a transmembrane protein that contains two conserved Asp-rich motifs ( fig. S2 ) and requires magnesium for catalysis (10) . UbiA may be evolutionarily related to transprenyltransferases that catalyze the elongation of isoprenyl chains (12) but shares no sequence similarity with soluble aromatic prenyltransferases that synthesize secondary metabolites (3). Unlike these soluble enzymes, UbiA recognizes long isoprenyl chains and releases a prenylated quinone product directly into the membrane. Structural knowledge of UbiA is essential to understand how prenyl transfer is catalyzed within lipid bilayers.
Here, we report the 3.3 Å crystal structure of a UbiA homolog from Aeropyrum pernix (ApUbiA). The overall structure of ApUbiA contains nine transmembrane helices (TMs) that are arranged counterclockwise in a U shape with a large central cavity (Fig. 1B and fig. S3 ). When viewed from the cytoplasmic side, the central cavity is surrounded by TM1, TM2, and TM9 at the front and TM5 and TM6 from the back. The C-terminal extensions of TM2, TM4, and TM6 are kinked to create a short extramembrane helix followed S5 ).
by a C-terminal loop. These helix/loop regions are termed HL2-3, HL4-5, and HL6-7, respectively, and they form a cap over the central cavity of the transmembrane domain. S2 ) (Y, Tyr; K, Lys). All these conserved residues protrude into the central cavity (Fig. 1C) , where they are likely involved in substrate binding or catalysis.
One side of the central cavity has an opening that we term the lateral portal that is largely buried in the membrane (Fig. 1C) . The lateral portal is delineated by TM1 and TM9, both of which are kinked helices with a proline in the middle. The central cavity has a hydrophobic portion leading to the lateral portal ( fig. S5 ) that could accommodate the isoprenyl chain of the IPP substrate ( Fig. 1D ).
To capture a substrate-bound state, we soaked ApUbiA crystals in a mixture of PHB; Mg; and an uncleavable IPP analog, geranyl thiolopyrophosphate (GSPP). This 3.6 Å structure shows GSPP binding in the central cavity ( Fig. 2A and fig.  S3C ). A cluster of conserved residues around GSPP implies the formation of an extensive interaction network that recognizes the pyrophosphate group of GSPP. Because Mg 2+ ions are required to mediate the interaction between Asp residues and the pyrophosphate group (10, 15), we modeled (16) , may in turn interact with other oxygens of the pyrophosphate group.
Comparison of the electron density maps (Fig. 2B) in the apo and substrate-bound states not detected; error bars, SEM of duplicated assays; wt, wild type). Corresponding residues in the ApUbiA structure ( Fig. 2A) are labeled in red. R137 is a positive control that is not at the active site in our structure yet was predicted important in an in silico model (19 (Fig. 2C) , consistent with protection of this loop region from trypsin digestion when GSPP binds in a Mg-dependent manner (Fig. 2D) . GSPP binding seems to only induce local changes in the active site of ApUbiA, whereas the overall architecture is retained (fig. S4A) .
The large central cavity of UbiA contains a small basic pocket near the GSPP binding site (Fig.  1D and fig. S5 ). The electron density contained in this pocket is suggestive of PHB binding ( fig. S5 ). With PHB modeled so that its carboxyl group contacts Arg 43 ( Fig. 2A and fig. S5 ), the metaposition of PHB can be close to the C1 atom of the IPP, consistent with C-C bond formation during the condensation reaction.
The residues lining the central cavity are highly conserved in the superfamily ( fig. S2 ) and are essential for ApUbiA's binding of GSPP and PHB in vitro. Binding constants of wild-type ApUbiA for GSPP and PHB were determined by isothermal titration calorimetry (ITC) to be about 0.3 and 0.1 mM, respectively (Fig. 3A) . These ApUbiA affinities are comparable to the Michaelis constant (K M ) values of GPP (0.255 mM) and PHB (0.188 mM) for the condensation reaction catalyzed by Escherichia coli UbiA (10). Consistent with the structure (Fig. 2A) , Ala mutations of residues that bind GSPP significantly lowered its binding affinity for ApUbiA (fig. S6 ). In addition, Arg 43 →Ala 43 (Arg43Ala) and Asn50Ala mutations in the small basic pocket interfered with PHB binding (fig. S7 ).
To identify residues essential for UbiA catalysis, we went on to test the enzymatic activities of mutant UbiA enzymes. We were unable to establish an activity assay for the hyperthermophilic ApUbiA at elevated temperature (16), probably because this enzyme was expressed in E. coli membranes (17, 18) . Therefore, our subsequent enzymatic assays used E. coli UbiA (EcUbiA), a model enzyme (10, 14) that shares 52% sequence similarity to ApUbiA and has all the conserved active-site residues ( fig. S2 ). Among the residues that bound GSPP in the ApUbiA structure ( Fig. 2A) , several single mutations abolished EcUbiA catalysis (Fig. 3B) . As a more stringent test for activity, most of these EcUbiA mutants failed to rescue the growth defect of a quinone-deficient strain of E. coli (fig. S8) . The Asp residues in the two DXXXD motifs are essential, likely because they chelate the Mg 2+ ions required for UbiA catalysis (10, 15) . In addition, the Asn67Ala and Asp184Ala mutations but not Tyr187Ala completely abolished the activity. These residues correspond to those (Asn 50 , Asp
175
, and Tyr 178 in ApUbiA) close to the C1 atom of GSPP ( Fig. 2A) and therefore are candidates for stabilizing the carbocation intermediate. For those mutants with partial activity (Fig. 3B ), we were able to investigate the enzyme kinetics. We found that the Arg60Ala mutation increased the K M of PHB to about 3 mM (10 times that of the wild-type enzyme), whereas mutating residues involved in pyrophosphate binding did not generate this dramatic effect ( fig. S9 ). The Arg 60 residue in EcUbiA corresponds to Arg 43 in the ApUbiA structure ( Fig. 2A) , which is predicted to bind PHB's carboxyl group. Because Arg60Ala did not completely abolish the EcUbiA activity, the PHB binding could involve other residues around the basic pocket.
Previous models postulated that one of the Asp-rich motifs binds to PHB (13, 14, 19) , but the ApUbiA structure suggests that both Asp motifs in UbiA are likely to engage the pyrophosphate group of IPP through Mg-dependent interactions ( Fig. 2A) . As for trans-prenyltransferases (12) , the Mg 2+ ions may trigger the ionization of the carbocation (20) , which could be stabilized by nearby residues such as Asn 67 or Asp 184 in EcUbiA ( Figs. 2A and 3B) . Although the active site of UbiA opens laterally to the bilayer, the highly reactive carbocation intermediate would be protected from water by the surrounding lipids (Fig. 1D) . In contrast to previous models (13, 14, 19) , PHB is probably bound in a basic pocket ( fig. S5 ) adjacent to the carbocation. Consistent with this proposal, mutating residues in the basic pocket affects PHB binding (figs. S7 and S9). Our results for EcUbiA and ApUbiA are also consistent with the enzymatic characterization of LePGT1, a UbiA homolog in plants.
LePGT1 mutations corresponding to Arg43Ala and Asn50Ala ( Fig. 2A and fig. S5 ) increased the K M for PHB by 10-and 50-fold, respectively (13) . At this binding site, the covalent bond formation between the meta-position of PHB and the C1 atom of IPP may proceed without a substantial conformational change. Ubiquinones incorporate long-chain, highly lipophilic tails of 6 to 10 isoprenyl units (7) (8) (9) . The promiscuous use of long-chain IPP substrates by UbiA can now be explained by structural comparisons (Fig. 4) . UbiA is an all-a-helical structure that is completely different from the a/b barrel structure of soluble aromatic prenyltransferases (21) (22) (23) (24) . However, the membrane-bound UbiA shares some structural features with a soluble transprenyltransferase (Fig. 4A) , farnesyl pyrophosphate synthase (20) (FPPS), that catalyzes isoprenyl chain elongation and adopts a typical isoprenyl synthase fold (12, 20, 25) with three layers of helices. It appears that part of the allylic binding pocket in FPPS corresponds to the PHB binding pocket of UbiA (Fig. 4B) . Conversely, the IPP substrate in UbiA is positioned similarly to the homoallylic substrate in FPPS and also extended to the pyrophosphate pocket of FPPS's allylic substrate. Unlike FPPS, which has two defined chambers for substrate binding (Fig. 4B) , the absence of the third layer of helices in UbiA ( to restrict the chain length, UbiA can promiscuously recognize a variety of long-chain IPP substrates and generate the precursors of CoQ 6 to CoQ 10 in different species (7) (8) (9) . During the condensation reaction, these long isoprenyl chains may extend through the lateral portal and directly contact lipid molecules (Fig. 1D) . Thus, the lateral portal can facilitate the binding of long-chain IPP substrates, and the prenylated products can be directly released into membranes through this portal. This is a strategy that intramembrane enzymes can use to catalyze reactions in lipid bilayers. Mutations in eukaryotic COQ2 and UBIAD1 have been linked to various diseases (4) (5) (6) (26) (27) (28) . Several of these mutations correspond to conserved residues ( fig. S2 ) located in the active site of ApUbiA (Fig. 2A) . We have shown that mutating these residues in EcUbiA lowers enzymatic activity (Fig. 3B) or substrate binding affinity (figs. S6 and S7) and therefore is likely to have similar effects in the human enzymes ( fig. S10) .
The structures of ApUbiA reveal mechanisms of substrate recognition and catalysis that are likely generally applicable to all superfamily members catalyzing the synthesis of lipid-soluble aromatic compounds. Our studies build a framework to understand other important UbiA superfamily members and to design chemoenzymatic synthesis of new aromatic compounds (11, 14) .
Flaviviruses, the human pathogens responsible for dengue fever, West Nile fever, tick-borne encephalitis, and yellow fever, are endemic in tropical and temperate parts of the world. The flavivirus nonstructural protein 1 (NS1) functions in genome replication as an intracellular dimer and in immune system evasion as a secreted hexamer. We report crystal structures for full-length, glycosylated NS1 from West Nile and dengue viruses. The NS1 hexamer in crystal structures is similar to a solution hexamer visualized by single-particle electron microscopy. Recombinant NS1 binds to lipid bilayers and remodels large liposomes into lipoprotein nanoparticles. The NS1 structures reveal distinct domains for membrane association of the dimer and interactions with the immune system and are a basis for elucidating the molecular mechanism of NS1 function.
F laviviruses have a positive-sense RNA genome that encodes a single viral polyprotein. The polyprotein is inserted into the endoplasmic reticulum (ER) membrane through several signal sequences and processed by viral and host proteases into three structural and seven nonstructural proteins (NS1, NS2A, NS2B, NS3, NS4A, NS4B, and NS5) (1). Six of the nonstructural proteins (NS2A to NS5) form a replication complex on the cytoplasmic side of the ER membrane, where the NS3 and NS5 enzymes function at a scaffold created by the other four transmembrane proteins. The remaining protein, the conserved glycosylated NS1, is associated with lipids, both early in infection, where intracellular dimeric NS1 localizes on the ER membrane at the site of viral RNA replication, and late in infection, where secreted hexameric NS1 lipoprotein particles interact with components of the complement-mediated immune system (2, 3). NS1 is essential for replication of the flavivirus genome (4) (5) (6) (7) (8) , possibly through interactions with transmembrane proteins NS4A and NS4B (5, 9) . Electron microscopy (EM) studies of secreted NS1 (sNS1) identified a symmetric barrel-shaped hexamer that carries a cargo of~70 lipid molecules (10, 11) . NS1 interacts with multiple components of both the innate and adaptive immune systems (12) (13) (14) , is involved in immune system evasion and pathogenesis (12) (13) (14) (15) , and is the major antigenic marker of viral infection (16) . Although the role of NS1 in multiple stages of the virus life cycle is well established, little is known of the molecular mechanisms of its various functions. The lack of sequence identity to any protein of known structure and the difficulty of producing pure, stable proteins have hindered progress in understanding the roles and mechanisms of NS1.
